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REVIEW 



Mammalian sirtuins— emerging roles in 
physiology ; aging ; and calorie restriction 



Marcia C. Haigis and Leonard P. Guarente 1 

Department of Biology, Massachusetts institute of Tec; 



Sir2 is an NAD-dependent deacetylase that connects me- 
tabolism with longevity in yeast, worms and flies, Mam- 
mals contain seven hoixiologs of yeast Sir2, S3RT1--7. 
Here, we review recent findings demonstrating the role 
ulators of physiology, 
calorie restriction, and aging. The current findings 
sharpen our understanding of sirtuins as potential phar- 
macological targets to treat the major diseases of aging. 



Silent information regulator [Sir) proteins regulate 
lifespan in multiple model organisms. In yeast, an extra 
copy of the SIR2 gene extends replicative lifespan by 
50%, while deleting Sir'2 shortens lifespan (Kaeberlein et 
al. 1999). Sir2 silences chromatin, enables DNA repair, 
and is involved in chromosome fidelity during meiosis 



rDNA circle;, (ERCsj h; yeast. cSmdair and Go.u 
1997). The Cacnorhahdilix elegans ortholog sir-2.1 
extends worm litespan i'T Issenbaum ami C uarenre )A 
but by a distinct mechanism. Sir-2. ■ requires the w 
forkhcad protein OAF-! 6 for lifespan extension (Th 
i and Gua rente 2(101). While earlier model 



gestod s:r-2.l might tone: in;-! by dow 
lim 1:11:1 I i ,n \lia„, . 



gulating insulin 
1 binds to 



1909, Tannv et til 1999'. Subsequent reports revealed 
that yeast and mammalian slttthns catalyze a novel and 
robust reaction, Nh\r> -dependent histunc deaeeiyfation, 
nt «'o 1 biy 1 ni ing s i ' activity with ne t tboiism ilmai 
et al. 2000; Landry ct al. 2000; Sm ith et al. 2000). Mecha- 
nistically, ADlMcibosylation and deanery lation reactions 
by sirtuins are similar because they cleave N AD in each 
( i ltd nil >ui ing each 
cycle, deaeetylatiors generates the novel metabolites, 2' 

al. 2001; Tanny and Moazed 2001), which may be impor- 
tant regulators of physiology (Gmbisha et al. 2006). To- 
day, more than a dozen nonhistone deacetylation sub- 
strates are known, several of which are described below. 

Calorie restriction ICR) is a dietary regimen that ex- 
tends the lifespan of every organism tested to date. Spe- 
cifically, CR extends the no mo >t yeasi (Lin et d 
2002), spiders {Austad 1999], flies {Loch and Northrop 
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nd I 



In yeast CI i - 1 a a- pi ■ 

increase mitochondrial function and n 
activity chin et al 2002, 2004). Howew 
mitochondrial activation is SIR2-ind< 
it lies upstream of S1R2, A mc 



men 10.05% glucc 
bv a different median; 
of both SIR2 and naif. 



indent, suggest 
: severe CR regi- 



s yeast rcpilcafive 
t is apparently iodej 



its enzymatic activity remained elusive for years. An 
early clue came from the observation that. CobB, an 
Escherichia cob. hoinolog of Sir2, could catalyze the 

pbo-qihonbo' \ h : m- O ■ i- •• : c. : c: ion m >a.b tSanun bios* m 
i - , } - mJ !v,ia:tosoaooo 9 sc. Thus, it 
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making th Utes liie^pj atots Fryc 

1 ' -in i t icv m -Jut - itu 

ins have diverse cellular locations, target multiple sub- 

s a t it c iriunction.-iTabl 

1). hi this review, wc emphasize an emerging theme in 
the field of aging — the regulation of oxidative stress. 
DNA dam i ^ --r hs ' I - mm - tt is 
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storage in white adipose tissue, and metabolism in the 
liver, suggesting a possible connection between this sir- 
tuin and diets that promote leanness and longevity 
(Fulco et al. 2003; Pi card et al. 2004; Rodgere et al. 2005). 
The observed induction of S1RTI protein during CR is 
couststent with tins j ^ C he ( 04 Niscliet 

2005). These activities link S1RT1 to known physiologi- 
v >■ > ' R a . u • , . - -til 1 vn It Ip 
mediate CR in mice. 



SI'RTt regit btioti of insulin and «!»c<;xe homeostasis 

A critical component of the physiology of CR is it: 
creased insulin sensitivity and corresponding reduction 
in blood glucose and insulin levels iliarzilai et a I. I9W 
Dhahbi et al. 2001). Pancreatic fi-ceils help to maintai 
glucose li!)tneostas;s by secreting msulm ;n response t 
glucose. Metabolism of glucose in these cells by glycoly- 
sis generates pyruvate, which enters mitochondri 
where it can be converted to C() 2 by the TCA cych 
NADH made < i 1 >ruct hives electro: 



S1RT7 may also be important regulator-, of DNA 



SIRT1 substrates 



causes closure of K , channels and depolarizes the 

e mammalian sirtuins (SiRTl, SIRT6, and SIRT7) ^™ of sc ere'r ^ c . Jront -m p n--uhn t 

icaiized to the nucleus. ! i is most extensively ^ „ ^ 

ed, has more than, a dozen known, substrates and is '" ^vo'recent. studies in mice have demonstrated that 

I 1 ill s mm! t 1 sul n 
s,,Kl) 11 1 " ttv ! m kh |ic Ih UoiiiIim) ^ 2005; 

bohc tissues,, such as pancreas, tat, and liver. &IRT0 Bordone et al. 2006). p,-Cell-specific SIRTl-overexpress- 

g ;HESTO ice dc s reased in 1 - 

m. respectively. s 1 I ) { n 

lu * , instil in secretion ta,n\ et ai 2006;. Both 
tudies find that SIRT1 represses transcription of the mi- 
a rob >imammdi 1 11 u , h < n 1 u p »t.ein UCP ?;ent which un- 

s not been ditectly determined, evidence suggests couples tmtOcbuori s t n om ATP production 
e Sir2 ortholog, SIRT1, may i< gi many s ^ reduces the proton gradient across the mitochondrial 

.1 processes known to be affected during aging and membrane. Thus, by blocking UCP- 2 function, SIRT1 
are altered h> C R if - J) 1 : f I . . t t* 1 1 , ! ^ 1 1 > . i >. \ u - 1 >n id 1 

II ho < 1 sn ,1 ,( , , iK 1 \ i , ^ Is < 1 h ]{ I . m 

h t o tii t 1 in hi t <■ I 1 c 

; al. 200L Vaziri et ai. 2001; Brunet et al. 2004; do not elevate ATP production in response to glucose 

et at. 2004; IVlotta et al. 2004; Yeuog et al. 2004), (Bordone et al. 2006). Int sti 5 [RT1 -mediated c 

may relate to the observed stress resistance con- presston of iJCP-2 is alleviated by acute food deprivation 
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PGCl-a and mitochondria 
2005), suggest] ug thai the ■ 
and PGCOia may be compk 



viva),. 



!. >IfT ir, i [ ni ill il , ^^T 

-uupu-itouI k i l v - s R ceO si I 

i i n suii i secretion by interacting \ n s f 



I. 20061, which mat furthe; damper, ATP 
the insulin responsiveness of (J-cells dur- 
i. While SIRT1 protein level is not affected 



.the NAD/NADB 
y in pancreas (Box- 
.T , ; in fasted ani- 



a ja- 



, dm 



i insul t: 
in pathol 

Another study raises the po 
motes the survival of pancreatic f. 
stress jKitamura ct al. 2005). io sti 
head protein FOXOl moves into 



demonstrating impaired insulin secretion. 

ility that 5IRT! pro- 
ceils during oxidative 



:el! l 



ript 



nd ■:: 



1004 Kitamura et al. (200 o« i tide 
FOXO J-- t!f - v tth SIP f 1 hi 1 
leukemia) bodies in stressed cells. They suggest that 
SfRTl deacetyiat.es FOXOl at that location to activate 
the protein and provide stress resistance (Accili and 
At i 2L i 1 1 1 i i c t - ii -it 2 I in C. 

elegant discussed above, which fame; lorn, as a eoactiva- 



AF-i 



iclet 



■rdh 



SIRTI and neuron function 

SIRT1 has also been linked to the survival of neurons 

1 ' ! tiuvtl < 

t.nred neurood ceils as an an.tiapoptotic. factor, peril; 

u J..", > " pi >Lu ie t i tfiis ^ 

Too et al. 2001; Vazin et ai. 2001; and FOXO (Krunct 
al. 2004; Motta et al. 2004). Even more interesting 
SIRT1 may be involved in the axonal protection < 
served in the Wallerian strain of mice (A raid et a). 200 
which have a translocation that increases levels of t 
NAD biosv i zvni niei t mud nx n much 



add 



, NAD 



glia. One study shows that the effects of NAD and the 
Wallerian strain are dependent, on SIRTI, leading to the 
conclusion that this sirtuin is neuroprotective jAraki et 
al. 2004|, However, another study did not observe a dif- 
ference in the response of dorsal root ganglion from 



SSRT! KO ; 



M0: 



it i 



the 



i tiie 



sho 



t neuroprotective processes induced b 
icndent on SIRTi and one not. Futus 
resolve these apparent experimental c 



S!R2 orthologs can also protect against neuronal dys- 
function due to polyglutam.mc. toxicity in C. demons and 
nan lahn el - Pa! * ! ti il KXrM Onv stud) shows 
that neurotoxicity in worms is spared by the age-1 ma- 
tatioii, which reduce-, instil in- li kc signaling (Motley et 
ai. 1 ' or in a transgenic strain ovorexprcssi ng su-2. 1 



; Parke 



2005). Like the 



c la- 



he 



gluCOIKOgl ll-'M- r ' , p - t IK- . t hi ' 

Several new studies have revealed that this nutrient r 
spouse is under tight, control of SIRTi activity, providi: 
another link between SIRTi and metabolism. In cx 



:c!e: 



g F ■ 



etvhu 



st eel death i i st atal neuron; - 
Disease allele btt U09Q) jParker c 
inc. ioi.i-in.ii.;' s. d d. :ti : ■ a in ■■ m ; pi 
.pression ot SIRTI or resveratroi ti 
;1 "kV> Snroto, Jf Au -melt's i 
:at activation of SIRTI may be a n 



: the gluconeo 
ictivates PGC- 



We note, however 
may not be unive 



that the protects 
sal in ail ceil typ( 
fibroblasts Mlie 
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paired pre 



, - i K' M t I . 



slrti c 



i CR 



3 he )i lve strikes s, e, b '.ijomj] 

ma c-~( -til' .in ih i . i 

dR! lakin it vita to k.mm ivhrfwt iii - iban 11 

'inn- 1U 1 1 f chamyw during C . x P u v ; 



ed ? 



) CR i 



mice. CR 
(eNOS;, a; 



.id-..- 



ad r 



ndri 



induction by CR does not occur in eNOS deficient mice, 
httcrestingh the SIRT i gene is activated h) NO viva 
and m vitro (Nisoli et. al. 20oO, tracing a pathway in 
which CR induces NO production and activates mito- 
chdndrKi I biogenesis and SIRT1. 

A mure direct demonstration of the requirement ot 
SIRT1 in CR involved placing SIRT1 KG mice on this 
diet |D. Chen et al. 2005]- Although the KO mice show 



i)dg 



; lar 



. 10- 



in phys 



a! a 



whb 



observed 

stinct induced by food insufficiency, hut KO mice do not 
display any increase m aetiv ity . SIRT i KO mice move as 
well or better than wild type when challenged by either 
means; i.e., rotarod or treadmill. This study indicates the 
first, requirement for SiRT! for at least one pheootype 
triggered by mammalian CR, 



SIRT6 r 



gulates DNA r 



SIRT6 is a nuclear protein widely expressed in mouse 
tissues (Liszt et ah 200S ; /Vtichishita et al. 200m. Original 
reports demonstrated 1 c d RT6 has a weal to absent in 
vitro deacetylate activity (North et al. 2003; Liszt, et ah 
2000 However, R1RT6 has ahm been shown to demon- 
strate a robust amu-ADRribosyhi-ansteaase activity 
(Liszt et al. 2005). 

Recent work has provided insight into the diverse 
;bysi< iogb d ft s IRT6 ( M .st.t davsl > et al. 

2.006b SfRT6 KO mice dis u . . 



me de; 



irhirt 4 v 



ofrc 



rth. 



ephe 



b el e he ^t 

> 1 <■ 1 ki x mm - 



fectscan be . m v 1 rm % \ \ p 

merase involved in BLR, Polp. Furthermore,. SIR lo KO 
\1 id's e<hib!t ni < - 3 . 0 ^ ^ Ik, bponits eiid-joming 
and double-strand break DNA repair. How SIRT6 regu- 
lates M R 1 st IK s ^ D- it ^pot esi/e that 
this sirtuin ADP-ribosylates a substrate protein involved 
in BLR, which could be a com pone:-,; ;b tlie repaii ma- 



cho* 



the 



.,dOv) ol- ,' . 1 mm 1 <. - 

notypes: low levels of circulating iGF-1 and hypoglyce- 
mia that becomes progressively more severe with age 
Mostosiavsk It wil ntei ' now 

whether these metabolic changes are due to a direct role 
r - i < D u r ti If n 1 <■< fi mi. >t isi >t 

are an indirect consequence of DNA damage that accu- 
mulates m these mutant mice. 



SIRT7 localise 



; Ford 



OR 



' ;fo 



man dam m 1 , u r d Umu s Ji > In 

spleen, and testes. By contrast, SIRT 7 expression is ab- 
sent, or low in nonproliferating tissues,, like heart, brain, 
and muscle. 

Recent work has shown that S1RT7 may regulate cel- 



lular 



wth a 



aba. 



. In 



Oh J"' 



:es with rDNA arid interacts 
with RNA polymerase I (Pol I). Overexpressing SIRT7 
increases rRN A transcription and RNA inhibition of 
S1RT7 decreases transcription, showing that this sirtuin 
activates Pol I -nun lol et ah 2006], 

An NAD-dependent deaeetylase activity has not beet) 
observed for SIRT7 (North et al. 2003), but the amino 
es hat d NAD in the conserved sirtuin 

core domain are required for S1RT7 activity (Ford et al. 

1 suggest in ) 1 i Nil > lent. 1 gul it o 
S1RT7 thus appears to regulate ceil growth and metabo- 
lism in rest mse to c ng meia c conditions >> 
driving ribosome bicigenesis m dividing ceils, it is inter- 
esting that both SIRT7,. as an activator of rRN A tran- 
scription, and SfRTl, as an inhibitor of p53 and L'OXO, 
have features that are progrowtb and prosurvival for 
cells. 



Cytoplasmic smuins 

To date, only SIRT2 is 



SIRT6 KO : 
form of DNA 
stoslavsky et ; 



nice exhibit a deficiency in one specific 
■epair. the base excision repair (BER) (Mo- 
1. 2006). MEFs lacking SIRT6 demonstrate 



Interestingly, SIRT i is also reported to be a cytopiasmi 
protein in pancreatic a-cells (Imai et al. 2000'. Thes 
findings lead us to speculate that mammalian sirtuii: 
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Mammalian sifinms 



i -i - d- - o ^ -x hen Ins .iit. i 

IT - >. 1 , - aui 'is 1 I v is 



ian SIR 



c pr-. 



tein (Dtvden et al. 2.003; North et ah 2003; Micbishita 
al. 2005), colocalizes with tubulin, and can deacetylate a 
number of substrates in vitro, including ;v tubulin 
N nJnt 1 Mill >\ s n s ( t 1 3 

caf consequences of « tubulin ieacet} .Hon by SIRT2 
are not yet clear. The yeast ortholog of SiR'T'2, Ha:?., can 
function in parallel to S1R2, in certain strains with re- 
spect to lifespan extension and rDNA silencing jl.am- 
ming et al. 2003;. Therefore, it will be interesting to de- 
termine the lifespan or SfRT2-uvercxpressing mice, or to 
whether CR is partly mediated by SJRT2 uv 



•UK: 



cultu 



■:dc: 



3!KT2 



1 > 1 inn ih nun; .ti pi. as-, ot tut ell cycle lad 
its overexpression delays mitosis (Dryden et al. 2003). 
Consistent with tiie idea that SIHT2 may restrain the 
cell cycle, expression of this sirtuin is down-regulated in 



iHir; 



20! 



al. : 



npa 



ink- 



not 



Hst 



■slo 



KO mouse embryom. fibrob et- V1EF» display hyper- 
acetylated H4K16 during mitosis. Since SIRTi also 
deacetylates H4K16, SIRT2 ami SIRTI may function re- 
dundantly, at least, cbarmg the M phase of the cell cycle. 
SiRT.2 may aiso regulate other phases of the ceil cycle, 
since G, is extended and S is shortened in 5IRT2"'" 
MEFs. 



Mitochondria? sirtuims — key regulators of metabolism 

Mite h< dria are dyna in s tl egu te u 
Orient utilization to provide the cell with energy even 
during dramatic changes; m diet and development. Mito- 



SiR'13 was the first sirtuin she 
mitochondria of mammalian e 
Sihv^r ct u 2002. Vncinvuta 



,m re he Inc. niece 
lis (Onyango et ai. 



fur the mdmoam nucmplm;; 
also appears to regulate mit.oel 
overexpression increases respi: 



AceCS uses acetate, CoA, and ATP to form acetyl-CoA, 
which is an intermediate in the TCA cycle, and is also 
required for cholesterol and fatty acid synthesis. Acety- 
lation of mitochondrial AceCS (AceCS2j inactivates the 
enzyme,, whereas deaeetvlation bv MR I 3 activates it. In- 
h > k It i ti it th t ,t 



Th 



RT3 



-elm 



indie 



ing SIRT3"'" mice. In sum, SIRT3 may be especially 
important under conditions of energy ii nutation --i.e., 
during fasting or CR to ensure full incorporation of di- 
etary or ketono-dcrhed acetate into metabolism. 

in human population studies, polymotphisms within 
the SfR'T'i gene have been linked to longevity. The 
G477T ttansvetsion, while not affecting the annuo acid 
sequence, associates with survivaJship of elderly males 



ocalization of SIRT3-5 is espe- 
-,e oo"c u i i n anioi " . n is 
talian aging and many diseases, 
e.f - y. om-jtive diseases, and can- 



ispo 



c tha 



t ug SfRTl s not itself physically associated with 
mitochondria, as described above, it also impacts mito- 
chondrial functions Lifespan maiysis of animal; with 



of tandem repeats j VNT Ri enhancer within SiR'1'3 also 
associates with lifespans >90 yr (Beilizzi et al. 2005). 
These findings will need to he validated in larger 
-amid-- but -u tgest that th< c cpression of S1RT3 may 
promote | i lu , mis ^ ^ Jk inij ntui t 

of performing lifespan experiments in mice that overex- 
press or lack SIRT3. 



SIRT4 

SIRT4 is another mitochondrial protein (Miehishita et 
al. 2005! that regulates energy usage. SIRT4 lacks detect- 
able delete 0:-^ ra m. ( \mti: er h .'O0<' but demon- 
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"'j ^ v SIRT5 remains the least characterized sirtuin to date. 

SIRT5 is described as a mitochondrial protein (Mich- 
"\ ishita et as. 2005) and has weak deacetylase activity 

(North et al. 2003),. but does not appear to possess an 



sible ph 



IT XR 4 Al I rrt " u V/i'i m!i ' II ' , , 1 \ D 

cells, S1RT4 th Lis ii. u i A sis fi h ti si RT i m- 1 fben, uruvcndabh, t e nil be ti it elh In 
relate die metabolism :;f amino acid? to glucose, several organisms, simiins have been shown to be regu- 
lated v and te mediate the effects of the dietary < linen 
CR. Moreover, mammalian sirtuins have been impli- 
j-es \S >P j . >- , .it„ibtu. v uriv t\ i • A vv n cated in stress resistance and numerous metabolic path- 
m in 1 >1 ii i - in in- v h . < , ms - . i si S in- 
Jin secretion |AASIS) in pancreatic 3-ceils by ADP- sul'ixs and glucose homeostasis. 

> -si 111 ii lii m 1 >v V\ <. > , v > before we know w t et sirtu 

-DH) (Fig. 3 ; Haigis et al. 2006). GDH converts glota- ins regulate mammalian lifespan, current data suggests 

ate into o-ketughitarate, a TCA cycle intermediate. that these proteins are regulated by diet and in turn, 

DH-activatiug mutations canst: by pet insulin ism in hu- regulate multiple facets of physiology, making them in- 

an- di ,» ui h s n iik k,nhte imiI 11 -a rs 1 >. n<. t < »j tabolh rod neurodc 

bobsm in jVcelis (St mki it al IVS m'P PI Km ma" oei d 10 K roselvcd o unpin* mo imdroia:; bug oi Mi- 

tve no gross abnormalities, but display higher GDH turn biology and their therapeutic potential. First, what 

tivity and higher levels of circulating insulin. SIRT4 other functions can be ascribed to the SERT1-7 proteins? 

) mice have elevated AAS1S, and strikingly, unlike We predict that like S1RT1, SIRT2-7 will have multiple 

lid type, they secrete .insulin in response tit glutunsine. targets and may affect many biologies. Second, how is 

SIRT4 may also connect insulin secretion with CR. si rutin function regulated? Two known mechanisms of 

i sisol 1 df m CR in i< d monstrat in see! A. .A sir n ilation are (1) its protein induction during CR 
S similar to islets from ad libitum fed SIRT4 KO mice 
latgis et al. 20061. Down- regulation of SIRT4 during CR 
pears to mediate this effect because GDH from islets 

CR mice is less ADP- 1 ibosylated and mote active than C f 

DH from control islets. A similar change in GDH is j 

und in the liver of CR mice. We suggest that S1RT4 U .„. j 

ordinates a physiologi al response in liver s ul jj- elh \" 

iring energy limitation (Fig. 31. hi the liver, the flow of . - j 

rbon f mi 1 - hi 1 >< es s would be L..... ; iil!lV.t'f:. : i....j 

creased, and m |i-cells the ahOkv amino acids to trigger \ 

sunn secretion would be elevated. Since overall insm f 

clearly lower during CR because of re- nucwus cytopiasm t. 



dgiu. 



it sxrtum activity should Increase di 
inn 1 1 * . v . ; c hit r , 

\ . r 



' exnecia- 


on. 


ig this dr- 




iver of CR 






"Figure 4. Model of Sirtuin J 




environmental stress and eii 


.preferred 


altering the NAD/NADH ra 


the NAD/ 


levels. Mammalian siituins 




and roles in the nucleus, eyt 



4 



1 



regulate sirtuin activity b 
;oiinamide levels, or sirtuii 
s |SIRTl-7j have individual target 
•hese tissues and thus itirnPri. to. rJi lo - * ~ s , ,7 r 1 - .-1 m> 1 1 ' 11 i.Vn 
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H ^ \ , tl 

[ iman h n _ue f SIR i- assot i .ml with : 

IK- i.- j > t tOj; .GS-263 
[ 1 1 n M lion itz 

t '< i M m< i is 

proteins to activate DAF-16 and extend life span 
1165-1177. 



1 >2inp nereatk ( lis PLoS Biol*. 
, Sweeney, L.B., St argil i, I.F., K.F., tin 

Ttan, H., Ross, S.E., MostosJavsky, R,, Cohe 



same direction by CR in any given tissue? If the NAD/ 
NADH ratio (or nicotinamide concentration! ls a pt i. 
mary determinant, of regulation, it is possible that all 
.even sirtuins will x regulated strntla; j b> CR in a m n& 
given cell, since the N G ■ J )H i - > ^s t he potential dei 



ia,. and cytoplasm [Yang et 
\D/NADH ratio change in 
I on the tissue in response 
s likely, since CR induces 
t different tissues ie g., ac- 
i liver and fat loss in white 
ting decreases S1RTI acttv- 



/ CR . ' . , ■ , ■ Chens. H.L.. Mostoslavsky. I? . fiaito. S.. Man*. I I'.. Gti, ' 

" ' Pate), P., Branson, R., Apptiia, E., Alt, F.W., and Cb.ua, K 

' 200.?. Developmental defect:, and p5,', hypcracutyla: inn 

1 bbn t « I > 1 ml I Eton-l< . > 1 Sir2bom«]0e:'SlRT)!-d<;fidcntmicc Prm Null. Acad, S 

sirtuin systemicaily (see below) may mimic CR in only a t 00: 10794-1 0799. 

segmental fashion. Chua, K.F., Mostosiavsky, R., Lombard, D.B., Pang, WAV,, Sai 

In the next few years the answers to these and other s,, Franco, S„ Kaushal, D., Cheng, H.L., Fischer, MJ 
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